A technique is described for studying the respiratory function of the placenta using carbon monoxide, a gas whose exchange across the placenta between the maternal and fetal circulations is limited by diffusion rather than blood flow.
Introduction
A convenient measure of the adequacy of respiratory gas exchange is diffusing capacity, *Submitted for publication May 16, 1966 ; accepted January 27, 1967. This study was presented in part at the Annual Meeting of the American Society for Clinical Investigation, Atlantic City, N. J., May 3, 1965 . It was supported by grant HD-1860 from the National Institute of Child Health and Human Development and by grants from the Life Insurance Medical Research Fund and the Josiah Macy, Jr., Foundation. which is defined as the milliliters of gas crossing the respiratory membrane per minute per millimeter of mercury of partial pressure gradient. The placental diffusing capacity for oxygen has been calculated by several investigators (1) (2) (3) (4) ; although the results are fairly uniform, there is, for the following reasons, considerable uncertainty as to its validity as a measure of placental exchange: 1) Placental oxygen consumption has been shown to be a considerable fraction of the total 02 exchanged (5, 6), and we have no way of determining how this affects the equilibration of maternal and fetal placental capillary Po2. 2) Blood bypassing gas exchanging vessels through shunts, and uneven distribution of maternal and fetal placental blood flow, will affect the value of Po2 in the mixed uterine and umbilical vein blood making it impossible to calculate the true end capillary Po2 values (7). 3) In addition, there is no agreement as to the spatial relation of blood flow in maternal and fetal placental capillaries, thus making meaningless any calculations of the mean capillary Po2 values or the mean maternalfetal placental Po2 gradients.
In the early part of this century there was a similar question as to the true oxygen partial pressure gradients from pulmonary alveoli to the pulmonary capillaries. Carbon monoxide exchanges proved to be useful in resolving this controversy (8) (9) (10) , and we thought that they might also be of value in estimating the mean maternalfetal Po2 difference. Therefore in the present study we have measured the placental diffusing capacity of CO from which we calculated the corresponding 02 diffusing capacity and the mean maternal-fetal Po2 difference. The advantages of CO for the study of placental gas exchange are these: 1) The fetal uptake of CO can be accurately measured, since CO is not consumed by the uterine or placental tissue in appreciable amounts. 2) In contrast to the maternal and fetal 02 partial pressures, uneven distribution of flow does not significantly influence the amount of CO exchanged or the mean partial pressure gradient.
3) The maternal-fetal CO partial pressure gradient is approximately 3 to 5 times the partial pressure of CO in fetal blood. Except for several studies of carbon monoxide poisoning in pregnancy (11) (12) (13) (14) CO has not been previously employed to study placental exchange.
Methods
The principle of our method was to place a pregnant experimental animal on a closed-circuit rebreathing apparatus into which CO was introduced. At appropriate time intervals samples of maternal and fetal arterial and venous blood were taken and analyzed for CO, 02, and CO2 content, Po2, pH, and hemoglobin concentration. Successful studies were carried out on five near-term pregnant mongrel dogs and ten near-term crossbred pregnant ewes (Table I ). The dogs were anesthetized with sodium pentobarbital (20 mg per kg) and placed on their left side. Polyvinyl catheters (1.5 mm o.d.) were introduced into the maternal femoral artery and a branch of the uterine vein. The abdomen was incised in the midline, and the fetuses were exposed through an incision in the antimesenteric border of the uterus. Fetal blood samples were obtained from a branch of the umbilical artery. The sheep were given a spinal anesthetic (3 to 4 ml 1% lidocaine hydrochloride) supplemented with barbiturate anesthesia. A right flank incision exposed the uterine horn, which was marsupialized to the edges of the abdominal incision. Branches of the umbilical artery and vein were exposed by a myometrial incision down to, but not into, the amniotic cavity, and polyvinyl catheters were passed through these branches into-the main umbilical artery and vein (15) .
FIG. 1. CLOSED CIRCUIT FOR REBREATHING LOW CONCENTRATIONS OF CARBON MONOXIDE.
After a tracheostomy with placement of an endotracheal tube the animals were placed on a closed rebreathing circuit. This circuit ( Figure 1) 
Experimental procedures
Three types of studies were performed. A) Endogenous CO production. In these two studies, the arterial blood of a pregnant ewe placed on the rebreathing circuit with the abdominal cavity unopened was sampled over a 2-and 6-hour period. CO 
Results
Endogenous CO production. In sheep no. 4 and 5, the CO production of ewe and fetus combined averaged 0.4 ml CO per hour (6.6 X 10-ml CO per hour X kg weight) (Figure 3 ), approximating the value in man of 0.4 ml per hour (28) .
Maternal to fetal CO transfer. (Figure 4 ), reaching a peak in 5 to 10 minutes, then rapidly declined to 80 to 85% of the initial peak within the next 5 to 10 minutes and continued to decrease slowly for several hours as CO crossed the placenta to the fetus. It would be predicted that eventually the [COHb]M should start to rise reflecting endogenous CO production; however, this was not noted in these studies, presumedly because our observations did not continue long enough.
The [COHb]F slowly rose for several hours as CO crossed the placenta ( Figure 4) ; the rate of fetal CO uptake (Vco) averaged 0.034 ml per minute in sheep and 0.0035 ml per minute in dogs during the hour after the introduction of CO. Wise and Drabkin have recently shown that the hemophagous organ of the dog placenta produces CO as a consequence of hemoglobin metabolism (30) , but the magnitude of this production is small. The measurement of Vco will be slightly overestimated due to endogenous production of CO by the fetus and the placenta. This CO production is probably about 2 X 10-2 ml per hour for a fetus weighing 3 kg, and when contrasted with the Vco of 2 when CO exchange was studied averaged 0.022 mm Hg, and in the dogs, in which relatively larger amounts of CO were used, the gradient averaged 0.034 mm Hg. Approximately 7 hours after introduction of CO the PCOM was 0.019 mm Hg, the PCOF was 0.018, and equilibration had not been reached.
The rate of CO transfer (Vco) was linear with the PCOM -PCOF (Figure 6 ), a finding indicating that CO exchange is limited by diffusion rather than by placental blood flow, and that these experimental animals were in a similar physiologic state.
The DPco in sheep ranged from 0.61 to 1.98 ml per (minute X mm Hg) and averaged 1.51 ml per (minute X mm Hg) ( ( Figure 8 ).
In these sheep the diffusing capacities (Table  IV) A theoretical calculation of the Pco maternal and fetal placental capillaries is in Figure 9 , using average data from t] surements in sheep 7. A number of sim assumptions have been made including sumption that the capillaries are unifor their flow is concurrent (that is, mater fetal capillaries are parallel and the tw( streams flow in the same direction), a blood samples from the uterine and u veins are truly representative of the end c blood of the maternal and fetal placenta lations, respectively. This Figure has The calculations of CO diffusing capacity' are based on several assumptions, including the following: 1) CO is not metabolized or otherwise lost from the system during measurement. 2) The "CO space" of the mother and fetus is constant. 3) PCOM is approximately the same as the Pco in the uterine vein (see Figure 9) , and PCOF is approximately that of the umbilical venous Pco. 4) The dimensions and spatial relationships of the maternal and fetal capillary bed are constant during the measurement. In sheep 7 during the period of CO exchange calculation of DPco was 0.60, 0.60, and 0.62 ml per (minute X mm Hg X kg) over the time period 0 to 15 minutes, 45 to 60 minutes, and 120 to 180 minutes, respectively. This suggests that the last assumption is valid and that the animals' physiologic state was not deteriorating during measurement of diffusing capacity.
It is of interest that the DPco of sheep, which have a five layered syndesmochorial (35) or six layered epitheliochorial placenta (36) , was the same as the DPco of dogs with a four layered endotheliochorial placenta (35) .
Theoretical DPco should be the same for movement of CO from mother to fetus as from fetus to mother, and we find this to be the case (Table III  and IV) . This theoretical conclusion is obvious insofar as diffusion across the placental membrane is concerned, but is less apparent when the reactions of CO with intracellular hemoglobin are considered. It is essential to appreciate that theta, the rate of uptake of CO per milliliter of whole blood for a gradient of 1 mm Hg of Pco between the plasma and the interior of the red cell, applies equally well to the movement of CO out of the red cell (see Appendix).
In terms of the mass of the organism, the diffusing capacity of the placenta is similar to that of the lung. For example, a 70-kg man 1 The term "diffusing capacity" (DP) is perhaps confusing since what is measured is not necessarily the maximal exchange possible. Actually DP may be less a measure of the diffusion characteristics of the placental membrane than of the maternal and fetal capillary blood volumes and the chemical reaction rates of CO with hemoglobin (33) . Other terms such as "diffusion constant" (1) and "diffusion coefficient" (34) have been used for placental gas exchange, but "diffusing capacity" is a term well entrenched in physiological literature and has previously been used in reference to the placenta (3).
with normal pulmonary diffusing capacity of 30 ml per (minute X mm Hg) has a diffusing capacity of 0.43 ml per (minute X mm Hg X kg); our comparable values for the placental diffusing capacity average 0.54 ml per (minute X mm Hg X kg fetus). However, on the basis of diffusing capacity per mass of organ, the placenta is far less efficient. A 70-kg man would have about 600 g of lung parenchymal tissue (37) , giving a diffusing capacity of 50 ml per (minute X mm Hg X kg lung tissue), but the 500-g placenta had a diffusing capacity of only 1 Placental diffusing capacity for oxygen (DPO2). The placental oxygen diffusing capacity for sheep was first calculated by Barcroft (1) . This "diffusion constant" as he called it was approximately 0.08 ml per (minute X mm Hg X kg fetal weight) in fetal lambs during the last trimester of pregnancy. For these calculations Barcroft used a previously published 02 consumption (Vo2) of 4.3 ml 02 per (minute X kg fetal weight) (43) . The maternal-fetal Po2 gradient was calculated as the difference between the average of uterine arterial plus venous Po2 less the average of umbilical venous plus arterial Po2. Using the same method, Barron and Alexander (34) and Barron and Meschia (2) calculated a placental "diffusion coefficient" varying from 0.1 to 0.2 ml per (minute X mm Hg X kg fetal weight). Bartels and Moll (4), using independent techniques, arrived at essentially the same figure, 0.17 ml per (minute X mm Hg X kg).
Evidence is accumulating, however, that the DPO2 is probably valueless as a measure of placental exchange: 1) Placental 02 consumption is from one-tenth to one-third of the total placental 02 exchange (5, 6) . Although the fetal 02 Uptake might be calculated from the umbilical arteriovenous difference X blood flow, permitting an estimate of placental and uterine 02 consumption as the difference of total placental exchange and fetal consumption, we do not know where this O2 consumed by the placental tissue is removed from the blood in relation to the site of 02 exchange across the capillaries. If even a small portion of it leaves the blood after the blood has exchanged with the maternal capillaries, the venous outflow Po2 will differ from the proper end capillary Po2 required for any diffusion calculations. 2) Anatomical shunts or uneven distribution of maternal placental flow, QM, and fetal placental flow, QF, will also result in gross errors in the estimate of the end capillary Po2 from measurement of the Po2 in the uterine and umbilical veins (7) . This is because in regions of the placenta with high fetal blood flow but low maternal flow, the fetal end capillary Po2 will be relatively low. In other compartments with relatively low fetal and high maternal flows, the end capillary Po2 will be higher. A mixture of blood from these two regions will have a Po2 less than the average of the two end capillary Po2 because this mixture will have a greater contribution from the compartment with the lower Po2. Nonuniform placental blood flow is not merely a minor theoretical objection. Small anatomic shunts in the fetal vessels of the human placenta have been reported by several workers (44, 45) . Our own studies in sheep of the distribution of maternal and fetal placental blood flow using macroaggregates of albumin, MAA*, labeled with 125I and Il3l, show gross nonuniform distribution of placental blood flow. Approximately one-fourth of the total placental weight receives less than one-twentieth of the total blood flow (7) . In further studies of 02 exchange at hyperbaric pressures in sheep, the uterine vein-umbilical vein 02 difference of about 700 mm Hg is evidence for about 30% physiologic shunt on either the maternal or fetal side of the placenta (46) . Such a degree of shunting of umbilical flow has also been demonstrated in a sheep placenta perfused with dextran containing dissolved CO (47) . Thus as a result of both placental oxygen consumption and of uneven distribution of blood flow, the Po2 values in the uterine and umbilical veins will have an as yet undetermined relation to the values of Po2 in the end capillaries. 3) In addition, there is considerable uncertainty as to the geometric arrangement of the maternal and fetal placental capillaries. Although in sheep a countercurrent relationship has been reported (48), there is no physiologic evidence for this (46, 47) . It is thus apparent from consideration of these three problems that determination of the mean maternal and fetal values of capillary Po2 from uterine and umbilical blood samples by the Lamport modification (49) of the Bohr integration (8) or by any other technique is extremely difficult if not impossible and that it is highly unlikely that Dpo2 can be calculated with any degree of accuracy.
If for the moment one accepts the values of DPco presented in this paper, and assumes that Dpo2 is equal, whereas theory indicates that it must be from 1.2 to 2 times greater (see below), then the end capillary Po2 gradient will be 1 mm Hg. It is obvious that a gradient of that size cannot be measured experimentally with any acceptable accuracy, particularly in view of the sources of error discussed above, and that therefore the Dpo2 cannot be calculated with any acceptable accuracy. For example, an error in end capillary Po2 of only 0.5 mm Hg would result in a 100% error in the calculation of DP02.
The effect of shunting on the values of DPo2 and DPco calculated from umbilical and uterine arterial and mixed venous blood samples is shown in Figure 12 . In this Figure is presented the dilemma that faces the investigator who can measure uterine and umbilical arterial and venous 02Hb, CO, Po2, and pH but who does not know how much shunt exists. Uneven distribution of capillary blood flow is considered as a true shunt, equal on both sides. The calculations are made assuming typical values for the pertinent data as described in the legend of Figure 12 Thus the true value of DPO2 is probably even larger than the DPco, and the Po2 end capillary gradient is less than 0.5 mm Hg. Under these circumstances the end capillary gradient would be too small to measure, and as noted above, it would be impossible to calculate the true DP02.
Appendix
Demonstration that the diffusing capacity of the placenta (DP) is theoretically the same whether diffusion occurs from mother to fetus or in the reverse direction According to Equation 5 the diffusing capacity from mother to fetus may be expressed:
Di' -.
[+6]
The subscript arrows from left to right indicate that diffusion is occurring from mother to fetus.
Similarly DP from fetus to mother may be expressed as: [7] where the subscript arrows from right to left indicate that diffusion is occurring from fetus to mother. Diffusion in liquids is generally isotropic (52) ; thus DM equals Dm. Vcm and VCF are the same regardless of the direction of diffusion. Therefore any difference between DP and DP must lie in the differences between 0 and 0. Although Equation 8 describes the initial stages of CO exchange in an infinite sheet of hemoglobin solution without a membrane, similar equations can be derived for a sphere, and the effect of diffusion resistance through a membrane can be included. These equations turn out to be similar to Equation 8 , except that the correction term, (tanh w)/co, is different, although still a simple function of the diffusion coefficient, [Hb] , dimensions of the membrane, and the association reaction velocity constant 1'. Therefore Equation 8 can be used to describe the CO exchange of red cells, since for our present purposes, the correction factor does not enter in. 0 is defined as the rate of change of [COHb] , in units of milliliters of gas per (milliliter fluid X minute X millimeters Hg A Pco) (51) , and in terms of ( [9] where capacity is the concentration of CO that could be bound by all forms of hemoglobin present in milliliters per milliliter. Pco. is the partial pressure of CO in millimeters Hg at the surface of the hemoglobin layer, and Pcoi is the average value within this layer.
[CO],
Pco. = I ots [10] where a. is the solubility of CO in the fluid just outside the hemoglobin layer in milliliters per (milliliter X millimeters Hg). [11] where ai is the solubility of CO in the layer in milliliters per (milliliter X millimeters Hg). If The value of is independent of the direction of the diffusion flow and therefore DP is independent of the direction of flow.
The fact that only 1' appears in Equation 13 might lead the reader to conclude that this applies only to the association of CO with Hb, but this is not the case. To calculate one must always compute an equilibrium constant for the reaction of CO and Hb, which is the ratio of the dissociation to association reaction velocity constants. Therefore Equation 13 contains implicitly the ratio 1/1' and explicitly 1'; in other words both the association and dissociation reaction velocities are involved.
The presence of 02 will alter the kinetics first by reducing the concentration of reduced hemoglobin at any time, and second this in turn will alter 1', because this constant depends on the number of ligands already bound to a given hemoglobin molecule (53) . Although the inclusion of 02 kinetics would render the mathematics difficult to solve, in general it is permissible to assume that the 02 reactions, which are faster than those of CO, are in equilibrium. Thus a finite 02 would merely alter [Hb] and 1' by fixed amounts, but would not make in Equation 13 dependent on the direction of diffusion flow.
Equation 8 , and therefore the succeeding relations, only apply to the early part of the reaction of CO with intracellular Hb when the concentrations of Hb and COHb are uniform throughout the layer. This is an important restriction, but unfortunately analytical solutions of the diffusion plus chemical reaction equations cannot be obtained without it. However, all values of 0 obtained experimentally are subject to the same limitation, and at least the data are consistent.
Although we believe it is very clear that theoretically DP should be the same for diffusion flow in either direction across the placenta, there is little actual experimental evidence to support this. We are not aware of any observations of Oco made during dissociation; the existing measurements were made during association reactions (51 Figure 2 and assuming that the alveolar volume was 5 L, we obtain a DL of 31 ml per (minute X mm Hg). This is a normal value, certainly not strikingly different from DL measured from gas to blood.
